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Tip Trajectory Mapping in Atomic Force Microscopy
Krishna P. Sigdel1, Justin S. Grayer1, Gavin M. King1,2.
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Atomic Force Microscopy (AFM) is a powerful technique for probing biolog-
ical macromolecules. In conventional AFM, knowledge of the local 3D tip po-
sition is not accessible; tip trajectories are inferred from cantilever deflection
which supplies data of reduced dimensionality. Previously, we developed an
ultrastable AFM (US-AFM) with atomic-scale tip-sample stability and registra-
tion in room temperature air. We have recently extended US-AFM to operate in
fluid and in dynamic (e.g., ‘‘tapping’’) mode, enabling precise studies of soft
biological samples in their native environments. With the local tip position
detection inherent in US-AFM, we have observed the trajectories of an AFM
tip in 3D as it interacts with a sample surface in both tapping and contact modes
in fluid. These observations provide a more complete picture of local tip dy-
namics during imaging and force spectroscopy.
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Improving Single Molecule Force Spectroscopy through Automated Real-
Time Data Collection and Quantification of Experimental Conditions
Zackary N. Scholl, Weitao Yang, Piotr E. Marszalek.
Duke University, Durham, NC, USA.
The benefits of single molecule force spectroscopy (SMFS) clearly outweigh
the challenges which include small sample sizes, tedious data collection and
introduction of human bias during the subjective data selection. These difficul-
ties can be partially eliminated through automation of the experimental data
collection process for atomic force microscopy (AFM). Automated data collec-
tion can also provide information about the frequency of successful force exten-
sion recordings. Here, we report a methodology for automation of the real-time
data collection for AFM for SMFS. This method uses a Hilbert transform to
calculate the force-extension envelope and then calculates the sharpness of
the force rupture events to discern usable recordings (Figure 1A) from noisy
recordings (Figure 1B) in real-time.
We implemented this methodology in
our laboratory and used the statistics
provided by the automated procedure
to clearly demonstrate the properties of
molecular adhesion and how these prop-
erties change with differences in the
cantilever tip and protein functional
groups and protein age. We find evi-
dence that a terminal cysteine residue
on a protein and an Au-coated cantilever
tip increases the proportion of full
length molecule recordings.
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Spiral Scanning and Encased Cantilevers for High Spatial and Temporal
Resolution in Atomic Force Microscopy
Dominik Ziegler1, Adrian Nievergelt1, Arnaud Benard1, Travis Meyer2,
Christoph Brune2, Yifei Lou2, Andrea Bertozzi2, Paul Ashby1.
1Lawrence Berkeley National Lab, Berkeley, CA, USA, 2UCLA, Los
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Atomic Force Microscopy in vacuum readily achieves atomic resolution how-
ever imaging in fluid has substantially lower resolution due to the damping of
the cantilever by the fluid. We reduced the damping and force noise of the
probe by building a protective encasement around the cantilever which keeps
the cantilever dry but allows the tip to probe the sample in solution. The sub-
stantially lower viscosity of the air leads to orders of magnitude improvement
in force noise. Furthermore, encased cantilevers retain high resonance frequen-
cies and Q factors when immersed in liquid such that they are thermally limited
even at high stiffness. This enables high resolution imaging and force spectros-
copy on all commercial AFM systems in liquid.
Raster scanning is not ideal for high speed AFM. Less than half of the scan time
is used to create an image because trace and retrace can not be interlaced due to
piezo hysteresis. Furthermore, the scanner resonance distorts triangular wave-
forms or requires sinusoidal scanning, where images are rendered from even
less than half of the scan time. using advanced image processing tools, such
as Inpainting, enables image rendering from 100% of the scan time and use
of scan waveforms that best match the inertial limits of the scanner. We
have also developed a Z piezo with over 300 kHz bandwidth enabling high
scan speeds frame rates. Spiral scanning together with encased cantileverswill lead to significant advances in temporal and spatial resolution for soft bi-
ological samples imaged by Atomic Force Microscopy.
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Addressing the Inverse Problem of Far-Field Imaging: A Noniterative
Exact Solution for Phase in Imaging
Aaron Lewis, Danielle Honigstein, Jacques Weinroth, Michael Werman.
Hebrew University of Jerusalem, Department of Applied Physics & Benin
School of Engineering & Computer Science, Jerusalem, Israel.
This talk describes an approach to a solution of inverse problems in far-field
imaging with application to optical, electron/ion beam, x-ray and other imaging
modalities. Two aspects of the inverse problem in optical imaging are phase
and resolution. Whereas techniques such as STED, PALM, STORM etc address
the latter, they lack phase information as does near-field optics. Furthermore,
all of these techniques are serial. We introduce an approach based on a control-
lable nanoscopic far-field optical point source integrated into parallel imaging.
In the first demonstration of this development we focus on the inverse problem
of the phase of an image which has never been solved exactly and can only be
approached through iterative methods with all their problems of nonconver-
gence, slow convergence, convergence to local minima, and stagnation. We
now show that it is possible to obtain, with such a method, an exact solution
to the inverse problem of phase both experimentally and theoretically. Our
method is based on the breakthrough that crystallography experienced in phase
retrieval for large molecular entities by Max Perutz’s introduction of ‘‘heavy
atoms’’ using the method of isomorphous replacement. Scanning probe micros-
copy and its full integration with optical microscopy allows us to apply these X-
ray concepts to implement ‘‘heavy atom’’ restoration of phase in optical phase
retrieval. In analogy to the heavy atom method, we acquire Fourier intensities
in place of an X-ray diffraction pattern, and in place of the heavy atom, we uti-
lize a nanometrically translatable point source of light, coherently related to the
far-field illumination this leads to 3D optical imaging. The methodology has
super-resolution potential, and thus, heavy atom restoration of phase with
super-resolution (HARPS) has the potential to provide super-resolution 3D im-
ages in real time.
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Demonstration of High Speed AFM through Local Raster Scanning
Peng Huang, Sean B. Andersson.
Boston University, Boston, MA, USA.
Efforts in high-speed atomic force microscopy (HS-AFM) continue to improve
the rate of imaging in AFM. There remain, however, many systems of interest
whose speeds are far beyond the fastest systems, such as the motion of dynein
walking along a microtubule. Unlike traditional approaches to HS-AFM, our
work seeks to take advantage of a prior knowledge about the sample to achieve
gains in the imaging rate. To date we have been focusing on string-like samples
such as biopolymers and have developed the Local Raster Scan algorithm
(LRS). The algorithm uses the data acquired by an AFM in real time to steer
the tip so that it stays on a sample of interest. As a result, the imaging rate is
increased by directly decreasing the number of samples. The basic idea can
also be used to achieve even better temporal resolution by abandoning imaging
in favor of direct tracking of the motion of a macromolecule. The algorithm has
been implemented on a commercial AFM (Agilent 5500) and demonstrated on
both linear and circular grating samples. Comparisons to standard raster scan-
ning (with equivalent settings) show that a reduction of at least an order of mag-
nitude in imaging time can be achieved. These experiments also highlight
challenges arising from the feedback nature of the LRS algorithm.
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The Mechanical Properties of Modified Fibrin Fibers: Blocking the B-b
Knob-Pocket Interaction
Stephen Baker1, Ashley Carson Brown2, Thomas Barker2, Martin Guthold1.
1Wake Forest University, Winston Salem, NC, USA, 2Georgia Institute of
Technology, Atlanta, GA, USA.
Fibrin clot formation has been studied to determine the mechanical properties
of fibrin fibers modified by blocking the B-b knob-pocket interaction. Synthetic
B-knob peptides AHRPYAAC or AHRPYAAC-Peg have been added to a fi-
brinogen solution to allow for binding to the b-pockets prior to clot formation.
After fibrin clot formation, a combined atomic force microscopic (AFM)/opti-
cal microscopic technique was used to study the properties of individual fibrin
fibers in buffer. Mechanical testing of fibers was done using the AFM to later-
ally stretch individual fibers suspended over 13.5mm wide groves in a transpar-
ent substrate. The optical microscope, located below the sample, was used to
monitor the stretching process. We found that the density and lateral aggrega-
tion of fibers was hindered by blocking the b-pockets with the synthetic
B-knobs. Fibrin fibers modified with the synthetic peptide AHRPYAAC-Peg
were found to stretch to 2.27 times their original length before rupturing
Tuesday, February 5, 2013 513acompared to unmodified fibrin fibers which were found to stretch to 2.47 times
their original length. From these results it is expected that synthetic B-knob
concentration impacts the mechanical properties of modified fibrin fibers.
The binding constants for AHRPYAAC were found to be 30.3 mM and
80.1 mM while the binding constants for AHRPYAAC-Peg were found to be
1.75 mM and 57.2 mM.
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Atomic Force Microscopy reveals Diversity of Serpin Polymers
Pawel A. Osmulski1, Maria Gaczynska1, Przemyslaw Karpowicz1,
Christine Stuart2, Wesley Jong2, Malgorzata Mikolajczyk2,
Martha C. Anderson2, Ewa Marszal2.
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Polymerization of a mutated form of antitrypsin is postulated to cause serpin-
opathy, a rare and incurable genetic disease. Antitrypsin is the canonical
member of the serpin superfamily of structurally homologous proteins with
metastable native structures. Most of serpins, including antitrypsin, are regu-
lators of serine and cysteine protease cascades, and protect tissues from exces-
sive actions of extracellular proteolytic enzymes. Polymerization of the
mutant Z variant of antitrypsin results in the ‘‘loss of function’’ proteolytic
damage of lungs, or in the ‘‘gain of function’’ degeneration of liver cells,
loaded with toxic polymers. The understanding of polymerization mechanism
holds the key to disease prevention, diagnostics and cures. However, metasta-
bility of serpins and complexity of their polymers makes structural studies
a difficult task. There are several models of polymerization, based on
in vitro studies and molecular modeling, however their relevance to in vivo
polymerization and disease etiology has not been established. Here we em-
ployed atomic force microscopy (AFM) to compare topography of in vitro
and in vivo formed antitrypsin polymers and oligomers. We found that com-
monly used in vitro methods to induce polymerization result in formation of
topographically a very diverse population of oligomers. Most, if not all classes
of the in vitro formed oligomers corresponded to similar classes of oligomers
isolated from liver. The in vitro polymerization, however did not produce long
strands of polymerized antitrypsin. The presence of such strands is the most
striking feature in liver cells of human serpinopathy patients and in a mouse
model. Here, we report results of our scanning probe microscopy structural
analysis of long serpin polymers and propose the mechanism of their
formation.
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Extracting Elastic Properties of Heterogeneous Layered Materials using
Atomic Force Microscopy (AFM)
Jia-Jye Lee1,2, Satish Rao1, Gaurav Kaushik3, Evren U. Azeloglu1,
Kevin D. Costa1.
1Mount Sinai School of Medicine, New York, NY, USA, 2The City College
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AFM nano-indentation is used to evaluate micro-mechanical properties of
biological samples. However, such samples often have multi-components
with heterogeneous properties, whereas traditional data analysis yields an ag-
gregate modulus that may not represent the individual constituents. This study
aimed to develop an analysis technique that can extract individual elastic mod-
uli from AFM indentation tests on heterogeneous multi-layered samples.
Building on a modified homogenization theory (Li, Acta Mechanica, 2005),
finite element modeling (FEM) was used to simulate the indentation response
of layered samples and determine the relationship between equivalent volume
ratio (fU) versus indentation depth (D), and to examine whether the relative
substrate (E1) and inclusion (E2) properties could be extracted from depth-
dependent apparent modulus values (Epw vs. D). To validate the FEM, two-
layered polydimethylsiloxane (PDMS) samples were fabricated with a top
5-um thick inclusion on a 50-um substrate layer, and were indented to 3-um
depth with a 15-um spherical-tipped silicon probe. Our computational studies
indicated that fU vs. D was highly influenced by the inclusion and indenter ge-
ometries, but was insensitive (<10% variance) to component properties. Thus,
for a given indentation configuration, an average fU vs. D relationship was
used as a master curve. Next, E1 and E2 were de-homogenized by combining
the Epw and master curves to obtain Epw over a range of fU, yielding estimates
of E1 and E2 with the coefficient of variation <10%. The ratio of experimen-
tally recovered E2 to E1 was 0.6650.14 (n=3) for the soft inclusion on stiff
substrate (E2<E1), which was consistent (<5% error) with a ratio of
1.4550.18 (n=4) for the stiff inclusion on soft substrate configuration (E2>
E1). Thus, our proposed method extracted heterogeneous properties of
double-layered PDMS, and provides an approach to study layered biological
samples using AFM indentation.2629-Pos Board B648
Understanding the Mechanical Properties of Microalgae using Atomic
Force Microscopy
Kristin M. Warren, C. Fred Higgs III, Philip LeDuc.
Carnegie Mellon University, Pittsburgh, PA, USA.
The ability to understand the mechanical properties of microalgae is extremely
important in diverse applications. To obtain a better comprehension of algae
cell response, we mechanically characterized single Scenedesmus dimorphus
cells to understand their structural response. To accomplish this, we used
atomic force microscopy to image dry S. dimorphus cells, which enabled us
to map the AFM measurements to a location on the individual cells. We
were then able to perform force measurements on the AFM to determine the
Young’s modulus of S. dimorphus. These findings are enabling us to under-
stand mechanical properties of a single Scenedesmus dimorphus cell, which
may be useful in areas such as energy.
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Characterization of Curli a Production on Living Bacterial Surfaces by
Scanning Probe Microscopy
Yoo Jin Oh1, Yidan Cui2, Hyunseok Kim2, Yinhua Li2, Peter Hinterdorfer1,
Sungsu Park2.
1Institute for Biophysics, Johannes Kepler University Linz, Linz, Austria,
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Curli are adhesive surface fibers produced by many Enterobacteriaceae, such as
Escherichia coli and Salmonella enterica. They are implicated in bacterial at-
tachment and invasion to epithelial cells. In this study, atomic force microscopy
was used to determine the effects of curli on topology and mechanical proper-
ties of live E. coli cells. Young’s moduli of both curli-deficient and curli-
overproducing mutants were significantly lower than that of their wild-type
strain, while decay lengths of the former strains were higher than that of the
latter strain. Surprisingly, topological images showed that, unlike the wild-
type and curli-overproducing mutant, the curli-deficient mutant produced
a large number of flagella-like fibers, which may explain why the strain had
a lower Young’s modulus than the wild-type. These results suggest that the me-
chanical properties of bacterial surfaces are greatly affected by the presence of
filamentous structures such as curli and flagella.
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Effect of Disease and Acute Exercise on Single Fibrin Fiber Properties
Wei Li1, Justin Sigley1, Stephen Baker1, Martin Guthold1, Peter Brubaker1,
Marlien Pieters2.
1Wake Forest University, Winston Salem, NC, USA, 2North-West
University, Potchefstroom, South Africa.
Fibrin fibers are the major structural component of a blood. their properties af-
fect wound healing and diseases, such as heart attacks and strokes. Working
with purified fibrinogen, we have found in recent years that fibrin fibers have
extraordinary extensibility and elasticity 1,2.
Working with clots formed from plasma, we have now begun to correlate the
mechanical properties of single fibrin fibers with diseases. This work provides
a new approach to understanding blood clotting and related diseases. using
a combined atomic force microscopy (AFM)/optical microscopy technique
we determined the mechanical properties of single fibrin fiber of individuals
who have cardiovascular disease (CVD), diabetes, or who have undergone an
acute bout of strenuous exercise. We found that fibrin fibers from old individ-
uals with CVD are much more stretchable (~1.5 times), elastic (~1.4 times) and
much stiffer (higher modulus) than those from healthy people. Moreover, we
found that acute exercise also has a significant effect on fibrin fiber mechanical
properties; fibrin fiber extensibility decreases significantly after exercise. Dia-
betes does not have a significant effect on single fibrin fiber mechanical prop-
erties. However, in the diabetes data we saw a correlation between fibrinogen
concentration and fiber stiffness; fibrin fibers become stiffer as fibrinogen con-
centration increases.
1. Liu, W., et al. (2010) ‘‘The mechanical properties of single fibrin fibers’’, J.
Thrombosis and Haemostasis 8, 1030-1036.
2. Liu, W., et al. (2006) ‘‘Fibrin Fibers have Extraordinary Extensibility and
Elasticity’’ Science 313, 634
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